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 The rapid growth of our wireless system infrastructure has created an environment that 
numerous devices communicate in close proximity, sometimes even in co-located positions. In 
addition, data rates in communication systems have increased significantly over the last decade, 
and all projections indicate that this will continue to increase. To address these network demands, 
many challenges exist. From a hardware perspective, antennas and RF frontends that can support 
high data-rates and close proximity operation are the primary challenges. 
This research focuses on developing new methodologies for design, analysis, and synthesis 
of novel antennas with broad bandwidth and polarization diversity features, while taking advantage 
of the state-of-the-art in manufacturing technology. In the course of this research, three novel 
antenna configurations were proposed that can achieve wide bandwidth and at the same time 
provide dual-linear or dual-circular polarization features. Namely, printed crossed-dipoles with 
integrated balun mechanisms, aperture couple microstrip patch antennas with dual wide-offset feed 
mechanisms, and multi-layer and multi-ring heterogenous dielectric resonator antennas with very 
wide bandwidths have been introduced. The first two antenna configurations are enabled by 
printed circuit board technology, while the third configuration takes advantage of the most recent 
advances in additive manufacturing, i.e. multi-material techniques that enable creation of 
heterogenous dielectric solids.  
The versatile and compact nature of the proposed antennas, as well as their simple form 
factors, make them a strong candidate for wideband hand-held communication systems. Moreover, 
the proposed design methodologies are applicable to a broad range of different types of antennas 
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The rapid growth of our wireless communication infrastructure has created numerous 
demands on the performance of the network and its hardware components and devices. Data rates 
in digital communication systems are expected to increase from about 40 Kbps in 2G networks to 
10 Gbps in 5G networks, i.e. 250,000 times. With the birth of Internet of Things (IoT) we are also 
looking at trillions of devices (compare to thousands when 1G analog cellular were developed) 
needing to communicate wirelessly, and in most cases in close proximity. In our quest for creating 
the new generation of wireless communication systems many other technological fronts, such as 
new wireless communication protocols, modulation schemes, compression algorithms, etc, also 
exist. However, from a hardware perspective, antennas and RF frontends that can support high 
data-rates and close proximity operation are the primary challenges. There is no question that both 
data rates and the number of operating devices will continue to increase. As such one of the major 
challenges of RF engineers is to create the new generation of hardware for our future wireless 
networks.  
Data rate is directly proportional to the bandwidth of the system hardware, therefore in 
order to support the growing data rates, new methodologies that can create antennas with wide 
operating bandwidths are needed. While this may sound simple, many fundamental and physical 
limitations make it difficult to realize these devices. The bandwidth of an antenna can be defined 
in terms of one or more physical parameters such as impedance, polarization and radiation pattern. 
The fidelity of these parameters over a frequency range is generally interpreted as the bandwidth 
of the antenna. As a general rule, the higher the frequency, the broader the bandwidth will be for 
a given antenna design. Antenna size reduction is restricted by fundamental physical limits, in 
terms of trade-off between radiation performances and impedance bandwidth. For resonant 
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antennas, the impedance bandwidth equals 1/Q, where Q is the quality factor. One way to increase 
BW is to decrease Q, i.e.  either by decreasing stored energy, or by increasing losses. For example, 
in a microstrip patch, both these methods increase the fringing and hence reduce the energy stored 
in the resonator. Increasing substrate height can excite unwanted surface waves in microstrip 
antennas which in turn would improve bandwidth. Similar tradeoffs exist in other antenna 
configurations, thus increasing the antenna bandwidth requires a good understanding of the physics 
of radiation mechanism in these devices.  
On the other hand, radiating devices that can operate in close proximity (or as co-located radiators) 
present a different challenge, broadly speaking in terms of their reliability. Our understanding of 
the physics of this problem leads us to realize that some form of diversity for device operation 
needs to be implemented, which can be in the form of either communication techniques, or antenna 
diversity techniques. For the communication approach, reliability can be significantly improved 
by receiving the signal on two or more independent channels, however this approach is much less 
favored these days since it wastes valuable usable spectrum. On the other hand, one can use 
redundancy, i.e. sending everything more than once, which is the most widely used technique. 
Advanced communication networks such as 5G however require ultra-reliable low-latency 
communication (URLLC), and as such redundancy is counterproductive to their operation since it 
will lead to latency. To increase reliability in these modern communication systems one will need 
to exploit some other capabilities of the system. One of these approaches exploits functionalities 
of the antenna by introducing, space, angle, or polarization diversity. Space diversity is one of 
several wireless diversity schemes that uses two or more antennas to improve the quality and 
reliability of a wireless link. However, in most cases we don’t have the physical space to use 
multiple antennas, and diversity has to be achieved with a single antenna. Similar problems exist 
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with angle diversity since scanned angle operation for an antenna typically requires a phased array 
architecture that is both costly and requires an antenna array which takes up more space compare 
to a single element. The fact is that polarization diversity is the only diversity scheme from the 
antenna perspective that can be achieved with a single antenna, and it offers performance that is 
generally comparable with that of space diversity. Typically, polarization diversity combines pairs 
of antennas with orthogonal polarizations, i.e. horizontal/vertical. Benefits of polarization diversity 
include, not needing the large structures associated with space diversity techniques and the related 
ease of obtaining a suitable site. Potential negatives of polarization diversity is that it’s less 
effective in high multipath environments, such as dense urban environments. Electrical 
characteristics of polarization diversity antennas that operators should look for include good cross-
polarization discrimination and orthogonality of polarization. The better the "cross-pol" 
characteristics, the better the diversity gain of the antenna. Similarly, orthogonality is important, 
but difficult to measure.   
   This research takes on the challenge to address some of these major fronts in developing 
new antenna technologies for the next generation of wireless communication systems. Specifically, 
we address two challenges simultaneously, i.e. how to create antennas with wide operating 
bandwidth and with polarization diversity features. In addressing these challenges, we note that 
advances in manufacturing technologies is of paramount importance in developing these antenna 
technologies, therefore we exploit both classic fabrication techniques (i.e. printed circuit board 
technology) as well as the latest technological front in 3D printing, multi-material additive 




Figure 1.1. Thesis road map. 
This work focuses on the design, analysis, and characterization of novel wideband antennas 
with polarization diversity features. In the course of this research, three different antenna 
configurations are introduced which are strong candidates for the new generation of wireless 
devices.  
The overview of each chapter is as follows. 
Chapter 2: This chapter deals with a broadband printed dipole antenna element. Dipole antennas 
are extensively utilized in varieties of applications such as being the basic units of phased-array 
antennas and the feeding sources of aperture antennas. Compared with traditional line antennas, 
printed dipole antennas have extra advantages including planar structure, small volume, light 





















weight and low cost, which are significantly suitable for applications sensitive to the receiver sizes. 
Feeding the dipole with balun allows us to combine the moderate bandwidth of the printed dipole 
with the double tuning capability of the balun to produce an element with significantly greater 
bandwidth than conventional patch radiators. Because the dipole/balun configuration is a printed 
circuit element, it has the important advantages of being a low-cost and light-weight device. The 
broad bandwidth is achieved by introducing a conical bowtie dipole geometry and optimization of 
the feeding network, which is implemented as a microstrip integrated balun. The single dipole 
antenna yields a bandwidth of 33% (from 2.035 GHz to 2.855GHz). Later, a dual-polarized printed 
dipole antenna is introduced which achieves a broad bandwidth of 785 MHz with good radiation 
characteristics. 
Chapter 3: This chapter consists of a wideband dual polarized design of aperture-coupled patch 
antennas with a dumbbell shaped coupling. The fundamental structural difference between the 
microstrip patch and aperture coupled microstrip patch antenna is the feed method used to excite 
the patch. While the microstrip patch antenna uses direct feed in order to excite the patch, the 
aperture coupled microstrip patch antenna uses non-contact feed lines. The non-contact feed is also 
capacitive in nature which counteracts with the natural high inductance of the excitation. Having 
indirect feed contact allowed for the aperture coupled microstrip patch antenna to achieve low 
current discontinuity which is fundamental for achieving good impedance and radiation 
performance. For achieving wide bandwidth many resonant modes were stagger-tuned together by 
having stacked elements and by introducing slots which individually introduces resonances. A 
linearly polarized single slot antenna yields a bandwidth of 460 MHz A two slot dual polarized 
antenna is then introduced which increases the antenna bandwidth to 505 MHz.  
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Chapter 4: This chapter describes wideband dual-polarized 3d-printed dielectric resonator 
antennas (DRA). DRAs are characterized by a smaller form factor especially when a material with 
high dielectric constant is selected for the design. Due to the absence of conducting material, the 
DRAs are characterized by high radiation efficiency when a low-loss dielectric material is chosen. 
This characteristic makes them very suitable for applications at very high frequencies, such as in 
the range from 30 GHz to 300 GHz. As a matter of fact, at these frequencies, traditional metallic 
antennas suffer from higher conductor losses. DRAs can be characterized by a large impedance 
bandwidth if the dimensions of the resonator and the material dielectric constant are chosen 
properly. DRAs can be excited using multiple techniques which is helpful in different applications 
and for array integration. The gain, bandwidth, and polarization characteristics of a DRA can also 
be easily controlled with a variety of techniques. The main challenge was to design a compact 
shape for wideband operations. Multiple configurations were studied to create a square DRA and 
necessary steps were taken to carefully offset the antenna to introduce another orthogonal arm to 
facilitate dual polarization mode. In the first step, a square DRA is studied and then modified to a 
trapezoidal shape resonator, which achieves a wideband impedance bandwidth of 1.955 MHz. For 
potential operation as a dual-polarized antenna, an offset-feed system is implemented in the next 
stage. The offset-fed DRA achieves a bandwidth of 1.22 GHz. Finally, the dual-polarized DRA 
with cuboidal trapezoid base antenna achieves a bandwidth of 1.085 GHz.   
Chapter 5: This chapter provides conclusions drawn from this research and future 







DUAL-POLARIZED BROADBAND CONICAL BOWTIE PRINTED DIPOLE ANTENNAS 
 
2.1 Historical Background of Dipole Antennas 
Dipole antennas have been widely used since the early days of radio. Simplicity and 
effectiveness for a wide range of communications needs are the reasons for this—and they're also 
the properties that make dipoles worthy of consideration. The dipole gets its name from its two 
halves—one on each side of its center (see Fig.2.1). (In contrast, a monopole has a single element, 
usually fed against ground as a vertical.) A dipole is an antenna, meaning that the "poles" are 
symmetrical: They're equal lengths and extend in opposite directions from the feed point. In its 
simplest form, a dipole is an antenna made of wire and fed at its center as shown in Fig.2.1. To be 
resonant, a dipole must be electrically a half wavelength long at the operating frequency. A dipole's 
resonance occurs at the length at which its impedance has no reactance-only resistance at a given 
frequency. 
 
Figure 2. 1 One of the simplest antennas used by hams, the dipole is also one of the most 
effective, considering the relatively small space it requires. In its simplest form, a dipole is a wire 




For almost any kind of MF/HF operation, dipoles are easy to build and install, and they 
give good results when put up at any reasonable height. "Reasonable heights" are anywhere from 
a few feet and up, depending on the band. A good general height guideline is half a wavelength or 
more, but that's impractical for many of us, especially on 4.0, 80 and 160 meters. At the least, a 
dipole should clear any surrounding buildings, and other large obstacles, for good performance. 
Many hams do quite well with dipole antennas that are electrically low; for instance, an 
80-meter dipole strung between two trees at 50 feet (less than a quarter wavelength) allows me to 
work Europeans regularly on 80-meter CW with a 100-watt transceiver. As a bonus, this antenna 
works even better at higher frequencies, where it's electrically much farther above ground. 
In order to illustrate the creation of the current distribution on a linear dipole, and its 
subsequent radiation, let us first begin with the geometry of a lossless two-wire transmission line, 
as shown in Fig.2.2 (a). The movement of the charges creates a traveling wave current, of 
magnitude I0, along each of the wires. When the current arrives at the end of each of the wires, it 
undergoes a complete reflection (equal magnitude and 180◦ phase reversal). The reflected traveling 
wave, when combined with the incident traveling wave, forms in each wire a pure standing wave 
pattern of sinusoidal form as shown in Fig.2.2 (a). The current in each wire undergoes a 180◦ phase 
reversal between adjoining half-cycles. This is indicated in Fig.2.2 (a) by the reversal of the arrow 
direction. Radiation from each wire individually occurs because of the time-varying nature of the 
current and the termination of the wire. 
For the two-wire balanced (symmetrical) transmission line, the current in a half cycle of 
one wire is of the same magnitude but 180◦ out-of-phase from that in the corresponding half-cycle 
of the other wire. If in addition the spacing between the two wires is very small (s << λ), the fields 
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radiated by the current of each wire are essentially cancelled by those of the other. The net result 







Figure 2.2 Current distribution on a lossless two-wire transmission line, flared transmission line, 
and linear dipole [86] 
 
As the section of the transmission line between 0 ≤ z ≤ l/2 begins to flare, as shown in 
Fig.2.2 (b), it can be assumed that the current distribution is essentially unaltered in form in each 
of the wires. However, because the two wires of the flared section are not necessarily close to each 
other, the fields radiated by one do not necessarily cancel those of the other. Therefore, ideally 
there is a net radiation by the transmission line system. 
If l < λ, the phase of the current standing wave pattern in each arm is the same throughout 
its length. In addition, spatially it is oriented in the same direction as that of the other arm as shown 
in Fig.2.2 (c). Thus the fields radiated by the two arms of the dipole (vertical parts of a flared 
transmission line) will primarily reinforce each other toward most directions of observation (the 
phase due to the relative position of each small part of each arm must also be included for a 
complete description of the radiation pattern formation). 
The radiation properties (pattern, directivity, input impedance, mutual impedance, etc.) of 
very thin-wire antennas were investigated by assuming that the current distribution, which in most 
cases is nearly sinusoidal, is known. In practice, infinitely thin (electrically) wires are not realizable 
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but can be approximated. In addition, their radiation characteristics (such as pattern, impedance, 
gain, etc.) are very sensitive to frequency. The degree to which they change as a function of 
frequency depends on the antenna bandwidth. For a finite diameter wire (usually d > 0.05λ) the 
current distribution may not be sinusoidal, but its effect on the radiation pattern of the antenna is 
usually negligible. However, it has been shown that the current distribution has a pronounced 
effect on the input impedance of the wire antenna, especially when its length is such that a near 
null in current occurs at its input terminals. The effects are much less severe when a near current 
maximum occurs at the input terminals. 
The bandwidth of an antenna is one of its most important electrical characteristics. 
Typically, the response of each antenna, versus frequency, can be classified qualitatively into three 
categories: narrowband, intermediate band, and wide band. The bandwidth of an antenna (which 
can be enclosed within a sphere of radius r) can be improved only if the antenna efficiently utilizes 
the available volume within the sphere with its geometrical configuration. In Fig.2 .3, we depict 
four different dipole configurations, starting with the classic dipole in Fig.2.3(a) and concluding 
with the hemispherical dipole of Fig.2.3 (d). If we were to examine the frequency characteristics 
of a dipole based on this fundamental principle, we can qualitatively categorize the frequency 
response of the different dipole configurations of Fig.2.3 into three groups; narrowband, 




Figure 2.3 Dipole configurations and associated qualitative bandwidths [86]. 
 
Monopole antennas, as shown in Fig.2.4, constitute a group of derivatives of dipole 
antennas. Here, only half of the dipole antenna is needed for operation. A metal ground plane 
(ideally of infinite size) is used, with respect to which the excitation voltage is applied to the half 
structure. The half structure for a regular dipole antenna is called a monopole antenna, in reference 
to the presence of only one physical side. The presence of the ground plane allows the monopole 
antenna to operate as electrically equivalent to a dipole antenna. The ground plane equivalently 
replaces the lower half by an imaging principle, similar to creating an optical image through a 
mirror. Notice in Fig.2.4 that for the currents in the monopole and dipole structures to be the same, 
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one needs the source voltage of the equivalent dipole antenna to be twice that of the monopole 
antenna. As a result, the input impedance of the monopole structure is half that of the 
corresponding dipole structure: 
 
Figure 2.4 The Corresponding Equivalent Dipole Structures Employing Image Theory 
[86] 
 
Due to the imaging principle, the polarization of radiation and radiation patterns of a 
monopole antenna is the same as that of its equivalent dipole antenna. However: the monopole 
antenna has a field only in the top half of the space, having zero radiation below the ground plane. 
In contrast, the equivalent dipole structure has fields in both sides, with the radiation to the bottom 
side symmetric to that above. The same can be concluded for the geometries of the four monopole 
geometries of Fig.2.5. The third configuration (tapered) in each figure will provide the best 
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reflection (matching) efficiency when fed from traditional transmission lines. However, any 
derivatives of these geometries, especially two-dimensional models, are configurations that maybe 
used to widen the frequency characteristics [3]. 
 
Figure 2.5 Monopole configurations and associated qualitative bandwidth [86]. 
 
With the rapid development of wireless communication systems, there is an increasing 
requirement for printed wideband antennas with small size [4, 5]. Currently, many mobile and 
wireless services, such as a cellular phone and wireless local area network (LAN), operate in 
multiple frequency bands. Using only one antenna system to support these multiple services 
reduces cost and occupied space. Moreover, wideband antennas play a key role in other systems, 
such as software defined radio (SDR) and mobile radio direction finding (RDF) systems. The 
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printed dipole is a good candidate for wideband antennas. Various types of printed dipoles [6-20], 
including center-fed coplanar strips dipoles, double sided printed dipoles, bowtie antennas and 
folded printed dipoles, have been studied. Printed dipoles on thin dielectric substrate with a 
metallic ground plate have several advantages over the conventional printed antennas such as 
wider bandwidth, smaller surface wave excitation and less parasitic radiation of feeding lines [7, 
8]. To improve the impedance bandwidth of printed dipoles, flaring the dipole arms [9], end 
loading the dipole arms with triangular shaped loads [10], and the use of parasitic elements [11] 
have been suggested. In addition, the impedance bandwidth can be enhanced by increasing the 
distance between the ground plate and dipole or the width of printed dipole arm [7]. Increasing the 
width of printed dipole arm to obtain wider bandwidth mimics increasing the wire diameter of a 
dipole [4]. 
To widen the bandwidth of a printed dipole antenna, many attempts have been made such 
as inductively loaded, double-sided printed method and series-fed technique, etc. [12-15]. 
Different element geometries have also been studied to improve the operating impedance 
bandwidth including circular, elliptical, and bowtie, to name a few [16-21]. Antenna 
miniaturization is also an important trend for wireless applications, and as such electrically-small 
printed dipoles have also been investigated. A wideband low profile dipole fed by coplanar 
stripline is presented in [22]. A planar wideband balun based on microstrip to coplanar stripline is 
designed to feed this dipole antenna. Unfortunately, a larger size is required to realize this type 
balun, which will increase the antenna size. An ultrawideband printed dipole antenna with shorting 
bridge is designed in [23]. A wideband microstrip balun with three-section transformer is used to 
feed the printed dipole antenna. However, the bandwidth of the dipole antenna is limited by using 
this balun. The antenna size is also increased due to the additional balun. Printed antennas with 
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integrated baluns are able to reduce the occupied area with wideband performance [24]. An 
integrated balun is designed for half bowtie printed dipole antenna in [25]. The half bowtie printed 
dipole is shown to have a wide bandwidth of over 47%. A printed dipole antenna with an integrated 
balun feeding is given in [26]. Dual-band characteristics are achieved and bandwidths of 41.5% 
and 47.8% are obtained at L- and S-bands, respectively. A tapered slot feeding is also designed as 
an integrated balun to feed a printed dipole antenna in [27].  
 The dipole configurations summarized here, are some of the latest techniques that provide 
desirable characteristics such as wide bandwidth, high efficiency, miniaturization, etc. In most 
cases, achieving one of these features will degrade the other ones. From an antenna engineering 
perspective, the optimal solution is the one that is best aligned with the objectives of the wireless 
system. 
2.2 The Printed Dipole Antenna 
Printed dipole antennas are very attractive antenna elements in the RF and microwave 
frequency region because of their easy fabrication, low cost, polarization purity, and low-profile 
properties. Theory and design principles of straight and flared printed dipole antennas and antenna 
arrays for single and dual polarization along with feeding and broadband matching techniques have 
been treated in several publications [28–30]. They can be designed for a relative bandwidth of up 
to approximately 10% without applying any additional loading or impedance transformation 
techniques and many examples of industrial application can be found. 
The geometry of a single printed dipole antenna is shown in Fig. 2.6. Here we present a 
design for the Wi-Fi operating band of 2.45 GHz. The dimensions for the substrate and ground 
plane are selected to be Lg = 62 mm and Wg = 10 mm, respectively. The radius of inner coaxial 
feed and the shorting pin are both 0.65 mm which is typical for panel mount SMA connectors. The 
17 
 
width of the dipole arms (W) is set to 2 mm. A 62 mil Rogers Duroid 5880 laminate is used for 
the design (εr = 2.2, tan δ = 0.009). 
 
Figure 2.6 Printed dipole antenna geometry. 
 
 
Parametric studies are conducted to determine the optimal separation between the dipole 
arms (S) and length (L) of the dipole for 2.45 GHz operation. Fig.2.7 shows |S11| as a function of 
frequency for different values of separation between the dipole arms with L = 27 mm. It can be 
seen that reducing the gap size results in a better matching. 
 
Figure 2.7 |S11| as a function of frequency for different values of S. 
 
A second parametric sweep is conducted on the dipole length to achieve the desired 
operating frequency of 2.45 GHz, while keeping the gap size S, equal to 2.5 mm. These results are 









Figure 2.8 |S11| as a function of frequency for different values of L. 
 
|S11| as a function of frequency along with the radiation patterns of the antenna at 2.45 
GHz are given in Fig 2.9 and Fig .2.11 below. Fig.2.10 shows the various current distributions of 
the dipole over the entire frequency band. 
     0  











Figure 2.10 Current distribution over the frequency range. 




                                            (a)                                                           (b) 
Figure 2.11 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-dashed)] (b) 3D pattern of the antenna.   
 
 
To enhance the bandwidth of the original printed dipole antenna, here we study three 
different dipole topologies by varying the angle “α” to form various shapes as shown in Fig.2.12. 
A simple dipole, bowtie dipole and conical dipole are optimized to resonate at 2.45 GHz. The 
length (L) and angle (2α) were the major tuning parameters. 
 
Figure 2.12 Dipole shape topologies 
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As alpha is increased from 0 to 45 degree it is observed the volume of the dipole increases. 
As seen from the graph in Fig.2.13 larger angle (α=45 degree) results in real part to be close at 50 
ohm while the imaginary part approaches 0 ohm. Consequently, increasing the angle also increases 





Figure 2.13 (a) |S11| as a function of frequency and (b)impedance vs. frequency Real & 







Figure 2.14 (a) |S11| as a function of frequency and (b)impedance vs. frequency Real & 
Imaginary plots for conical shape dipole antenna 
 
The radiation pattern at 2.45 GHz for all the dipole geometries are shown below in Fig 
2.15. It can be seen that despite the fact that their bandwidth response is quite different, the pattern 
for all the three topologies show a similar broadside beam direction. As such we can achieve a 





Figure 2.15 Radiation pattern for all dipole topologies at 2.45 GHz 
 














Figure 2.17 S11 plot for optimum result of antenna.at 2.45 GHz for conical shape dipole antenna 
 
 










Figure 2.19 Currents at different frequencies for are conical bowtie dipole antenna. 
 
A modified printed bowtie dipole with a conical shape is introduced in this work and the 
top view of the antenna is depicted in Fig. 2.16. The important parameters of the antenna are the 
cone angle, radius of the cone, and gap between the cones. Based on our parametric studies, the 
optimum cone angle α is chosen to be 45 degrees while the optimal length of dipole as given in 
Fig.2.16 was determined to be 45 mm.  
2.3 Feed Mechanism & Balun Configuration 
A balun is a device that joins a balanced line to an unbalanced line. A balun is a type of 
transformer: it's used to convert an unbalanced signal to a balanced one or vice versa. Baluns 
isolate a transmission line and provide a balanced output. In a balun, one pair of terminals is 
balanced, that is, the currents are equal in magnitude and opposite in phase. The other pair of 
terminals is unbalanced; one side is connected to electrical ground and the other carries the signal. 
The feed mechanism for the dipole is an integrated balun which is printed on a 62 mil Rogers 
Duroid 5880 laminate as shown in Fig.2.20.This antenna employs a horizontal substrate, a vertical 
substrate and a horizontal metalized ground plane. The vertical substrate is mounted between the 
1.65 GHz 2.19 GHz 2.45 GHz 2.85 GHz 3.95 GHz 
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horizontal substrate and the ground plane. Two triangular patches are printed on the bottom side 
of the horizontal substrate symmetrically to form the bowtie. Two vertical rectangular patches 
etched on one side of the vertical substrate are connected to the triangular patches and shorted to 
the ground, respectively. An integrated balun connected to the feeding probe of a 50 SMA launcher 
is printed on the other side of the vertical substrate. 
 
Figure 2.20 3D view of the bowtie dipole antenna 
The mechanism of impedance matching is explained by the Γ-shaped balun shown in Fig. 
2.21. The dipole is excited by the slot line which is coupled by the Γ-shaped microstrip line at the 
feed point.  
 
Figure 2.21 The balun and design parameters. 


















The width of the transmission lines are Wa = 4mm and W = 1.5 mm which correspond to 
50 and 100 Ohms, respectively. The gap between the two dipole is chosen to be 2 mm as kept in 
the dipole geometry study. The length of la is varied from 10 mm to 12mm. The optimum value 
of 11 mm is selected at it gives largest BW as shown in Fig.2.22. It should be noted here that the 
optimum value is determined based on a number of parametric studies. As such it is possible that 
the optimum value selected here may not be the global optima. 
 
Figure 2.22 |S11| versus frequency for different values of la 
The length of lb is varied from 14 mm to 16 mm. The optimum value of 16 mm is chosen 
to resonate at 2.45 GHz as shown in Fig.2.23. 
 
Figure 2.23 |S11| versus frequency for different values of lb 
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The open stub length plays a major role in the impedance matching process which is shown 
in the parametric studies given in Fig.2.24. An optimum length of 7 mm is selected from the 
studies. 
 
Figure 2.24 |S11| versus frequency for different values of lc 
 
The height between the dipole antenna and the ground substrate is denoted by “hc” as 
shown in Fig.2.25. A parametric sweep is carried out to ensure the resonance at desired frequency. 
The optimum height of 31.5 mm is chosen as seen from the graph in Fig 2.26. 
 
 




Figure 2.26 |S11| versus frequency for different values of hc 
 
In order to provide physical space for a dual-polarized configuration a meandered balun is 
also designed. A meandered balun is used as one of the two baluns which is bent at the middle of 
the feed point to isolate itself from the other one as shown in Fig.2.27. The width of the 
transmission lines are Wa = 4mm and W = 1.5 mm which correspond to 50 and 100 Ohms, 
respectively. The width of the open stub wc is 2mm.  
 
Figure 2.27 The meandered balun and design parameters. 
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Parametric studies are carried out to optimize the various parameters so as the antenna with 
the meandered balun resonates at 2.45 GHz as shown in Fig.2.28 and Fig.2.29. The optimum 
values were determined as la=11mm, l1=8mm, l2=4mm, l3=2mm, l4=14mm and l5=4mm. 
 
Figure 2.28 |S11| versus frequency for different values of l3 
 






2.4 Dipole with Integrated Balun  
The complete configuration of the dipole with an integrated balun is shown in Fig.2.30. 
Gain and |S11| as a function of frequency are given in Fig.2.31 for the optimized design. The 
antenna achieves an impedance bandwidth of 820 MHz (from 2.035 GHz to 2.855 GHz) that 
outperforms the classic bowtie configuration. The gain varies between 6 to 7 dBi over the matched 
frequency band. The 3D radiation pattern of the antenna at 2.45 GHz is given in Fig.2.32. 
 
 
Figure 2.30 Conical bowtie dipole with integrated balun 
 





Figure 2.32 3D pattern of the antenna.   
 
The complete model of the dipole with a meandered integrated balun is shown in Fig 2.33 
The antenna achieves an impedance bandwidth of 700 MHz (from 2.095 GHz to 2.780 GHz) as 
seen in Fig.2.34. The 3D radiation pattern of the antenna at 2.45 GHz is shown below in Fig.2.35. 
 





Figure 2.34 |S11| versus frequency for the optimized antenna 
 
 
Figure 2.35 3D pattern of the antenna.   
 
 
The final version of the proposed dipole aims to achieve a dual-polarized performance for 
applications requiring polarization diversity and wide bandwidth. The dual-polarized printed 
dipole is designed based on the previous two dipole antennas. Two linearly-polarized dipoles are 
combined together to form a dual-polarized dipole as shown in Fig.2.36. The material and 
thickness of the substrates and ground plane are kept as before. The antenna achieves an impedance 
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bandwidth of 785 MHz (from 2.180 GHz to 2.965 GHz) as shown in Fig 2.37. It can be seen that 
due to the orientation of the two orthogonal arms in the dipole setup, the mutual coupling did not 
have a strong impact on the antenna performance. Although here we note that it is possible to 
expect that a direct optimization of the dual-polarized design, albeit quite time-consuming, may 
result in better performance.  
 
Figure 2.36 The dual-polarized configuration. 
 
 





A novel design for a printed conical bowtie dipole antenna with an integrated balun is 
presented. The dipole antenna yields a bandwidth of 33% (from 2.035 GHz to 2.855GHz). The 
enhancement in bandwidth is achieved by modification of the geometry of the bowtie antenna and 
optimization of the integrated balun feed system. The proposed antenna is designed for 2.45 GHz 
WLAN band operation and finds applications in a variety of wireless energy harvesting and power 
transfer systems. A dual-polarized printed dipole is further designed based on previous two dipole 
antennas. Two linearly-polarized dipoles are combined together to form a dual-polarized dipole. 
The material and thickness of the substrates and ground plane are kept as before. The antenna 


















WIDEBAND DUAL-POLARIZED MICROSTRIP PATCH ANTENNAS 
3.1 Introduction 
A microstrip antenna (MSA), more commonly known as a patch antenna, consists of a 
dielectric substrate having a metallic radiating part on one side and a metallic ground plane on the 
other. Fig.3.1 shows an MSA where L is the length of the patch, W is the width of the patch, h is 
the dielectric substrate height and ℰr is the substrate relative permittivity. 
 
Figure 3.1 Schematic diagram of a microstrip patch antenna [39] 
 
The common microstrip antenna shapes are square, rectangular, circular and elliptical, 
however in general any continuous shape can be used. MSA’s are light in weight, cheap and 
conformable making them attractive for applications such as high-performance aircraft, spacecraft, 
and satellite and missile applications. However, they have low radiation efficiency, low power, 
high Q, poor polarization purity, poor scan performance, spurious feed radiation and very narrow 
frequency bandwidth (BW). Although MSA’s have some shortcoming, they have been the most 
suitable candidate for modern wireless communication technology due to some of their advantages 
such as compactness and low profile. Various mathematical models are developed for MSA and 
its applications are now extended to many other fields [2-3]. 
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Radiation from microstrip patch antennas can easily be described by just considering the 
simple case of a regular rectangular microstrip patch, placed a small fraction of wavelength above 
ground plane, as shown in Fig.3.2. The field varies along the patch length which is usually 
approximately half the wavelength () in conventional microstrip patch. Radiation from microstrip 
antennas is mainly due to fringing fields, which exist between the edge of the microstrip patch and 
the ground plane. In this case the electromagnetic waves fringe off the top patch into the substrate 
reflecting off the ground plane and radiates out into the air.  
 
Figure 3.2 Patch electric fields: (A) Side view (B) Top view [39] 
 
If the fringing fields are resolved into its parallel and tangential component with respect to 
the ground plane the normal component would be out of phase with each other and therefore would 
cancel out each other as demonstrated in Fig 3.3. In other words, the normal components do not 
contribute to the far field radiation. The tangential components are in phase and the resulting 
tangential field components combine to give maximum radiated field normal to the surface of the 
patch, that is, the broadside direction. Therefore, the patch may be represented by two slots, placed 
half-wavelength apart and excited in phase which radiates in the half space above the ground plane. 
The electric field is assumed to be invariant along the width, of the patch. It is also assumed that 
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the antenna’s radiation comes from fields leaking along the width or radiating edges, of the antenna 
[3]. 
 
                                  (a) (b) 
Figure 3.3 Radiating edges of microstrip patch antenna [39] 
 
Microstrip patch antennas can be fed by a variety of methods. These methods are classified 
into two major categories namely contacting and non-contacting methods. In the contacting 
method, the RF power is fed directly to the radiating patch. In the non-contacting method, 
electromagnetic field coupling is done to transfer power between the microstrip line and the 
radiating patch [1]. The three main types of feeding configurations are microstrip line, and coaxial 
probe which are both contacting feed methods and aperture coupling which is a non-contact feed 
method [3]. A table summarizing some of the characteristics of different feed techniques for 





Table 3.1: Table showing comparison of different feed methods [39]. 
 Characteristics Microstrip Coaxial Aperture 
  Line  Coupled 
1 Spurious radiation More More Less 
     
2 Reliability Better Poor due to Good 
   Soldering  
3 Ease fabrication Easy Soldering Alignment 
   and drilling Required 
   needed.  
4 Impedance Easy Easy Easy 
 Matching    
5 Polarization purity Good Poor Excellent 
     
6 Configuration Coplanar Non-planar Planar 
     
7 Bandwidth 2-5% 2-5% 2-5% 
 Achieved    
 
Due to their unique feed mechanism, aperture coupled microstrip patch antennas have 
become a viable option for wireless and telecommunication systems over traditional microstrip 
patch antennas. Research and development in the 1980s contributed to the discovery of the 
aperture-coupled microstrip patch antenna [31]. The fundamental structural difference between the 
microstrip patch and aperture coupled microstrip patch antenna is the feed method used to excite 
the patch. While the microstrip patch antenna uses direct feed in order to excite the patch, the 
aperture coupled microstrip patch antenna uses non-contact feed lines which is accurately 
described as the magnetic equivalent of the edge-fed procedure in [31]. The non-contact feed is 
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also capacitive in nature which counteracts with the natural high inductance of the excitation. 
Having indirect feed contact allowed for the aperture coupled microstrip patch antenna to achieve 
low current discontinuity which is fundamental for achieving good impedance and radiation 
performance.  
Since its introduction, aperture coupled microstrip antennas have continually been used in 
numerous applications requiring a wideband frequency range. This includes, but is not limited to, 
global positioning satellites, cellular phones, personal communications systems, GSM, wireless 
local area networks, cellular video, direct broadcast satellites, automatic toll collections, collision 
avoidance radar, and wide area computer networks [32]. 
In Fig 3.4, the radiating patch element is etched on the top of the feed substrate. The ground 
plane having the coupling slot is usually sandwiched between the two substrates. Since the ground 
plane separates the patch and the feed line, spurious radiation is minimized. Also, separate layers 
for both feed and radiators also increase the available space area and allows for easy integration of 
both passive and active microwave circuit. 
 
Figure 3.4 Schematic diagram of an aperture coupled microstrip patch antenna [39]. 
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The back radiation in this feed technique is very small since the coupling aperture is non-
resonant and very small as compared to the wavelength. The dimensions of the aperture must be 
chosen to avoid resonances within the operating band and should be placed far enough from the 
patch edge. This technique also offers the antenna designers a freedom of choosing radiator and 
the feed substrates independently for optimum antenna performance. The electrical size of the 
circuit in the feed layer can be reduced by choosing a higher dielectric constant. The shielding 
ground plane on the other side ensures that the dielectric constants for both the layers do not affect 
each other.  
In this feed technique normally a thick and low dielectric constant substrate is chosen for 
the patch layer and on the other hand a thin substrate material having high dielectric constant is 
used for the feed layer. The microstrip feed line which is etched at the bottom side of the feed 
substrate usually extends just beyond the aperture to act as an open-circuit stub. The impedance 
locus of the antenna is adjusted by the length of this open-circuit stub to achieve a reactance 
compensation for matching purposes in this design. This feeding technique can provide a wider 
bandwidth as compared to the conventional printed antennas and at the same time retains good 
features such as low cost and physical robustness. 
 
3.2 Center-Fed Aperture Coupled Microstrip Patch Antennas 
3.2.1  Single Radiating Patch 
 
 The first step in the design of a microstrip patch using the transmission-line model is to 
determine the appropriate width of the patch. According to [38], the preferred width is given as 
𝑊 =  𝑐2𝑓𝑟 √ 2𝜖𝑟 + 1 (3.1) 
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where c is the speed of light in vacuum,  𝜖𝑟 is the relative permittivity of the substrate, and  𝑓𝑟 is 
the operating frequency. Since the fringing fields of the patch antenna extend out of the substrate 
and into the air, it is necessary to determine an effective dielectric constant. The effective dielectric 
constant treats the antenna as if all the fields were contained within a homogenous substrate. From 
[3], the effective dielectric constant is 
𝜖𝑟𝑒𝑓𝑓 =  𝜖𝑟 + 12 +  𝜖𝑟 − 12 [1 + 12 ℎ𝑊]−1/2 (3.2) 
for  
𝑊ℎ > 1 where ℎ is the thickness of the substrate.  
Usually, the parameters 𝜖𝑟, h, and 𝑓𝑟 are specified as design constraints with only the width 
W and length L of the patch to be determined. The length of the patch is dependent on the width, 
which is why it must be calculated first. Without fringing fields, the ideal length of the patch for a 
resonant wavelength of 𝜆𝑟is 𝜆𝑟/2. However, with fringing fields, the apparent electrical length of 
the patch is larger than the physical length. This means that the patch must be designed with a 
length smaller than 𝜆𝑟/2  in order to achieve resonance at the desired frequency. Here ∆L is the 
additional length contributed by the fringing fields from each side of the patch [3]. The effective 
length of the patch is then 𝐿𝑒𝑓𝑓 = 𝐿 +  2∆𝐿 (3.3) 
Where ∆L is given by  







Given ∆L and knowing that  𝐿𝑒𝑓𝑓 should be 𝜆𝑟/2 , the physical length of the patch is computed 
using 
𝐿 = 12𝑓𝑟√𝜖𝑟𝜖0𝜇0 −  2∆𝐿 (3.5) 
where 𝜖0 and 𝜇0 are the permittivity and permeability in vacuum. It should be noted that these 
imperial formulas serve as the starting point for the design. In most cases, the optimal design 
dimensions are determined by full-wave analysis techniques that consider all electromagnetic 
effects in the model. 
 
Figure 3.5 3-D Schematic diagram of an aperture coupled microstrip patch antenna [39]. 
 
An exploded view of a center-fed aperture coupled antenna with a single microstrip patch 
is given in Fig. 3.5. For maximum coupling, the feed line should be positioned at right angles to 




After several rounds of parametric studies and optimization, the final dimensions of the 
antenna were determined to be: 
(a) Feed: εr1 = 6.15; tan δ = 0.0019; h1, = 1.016mm; Wf = 1.496 mm 
(b) Slot: Wa, = 1.5 mm; La, = 20 mm 
(c) Square patch: L = W = 23 mm 
The layer between the slot and the patch has a height of 9.144 mm. 
The length of the patch radiator determines the resonant frequency of the antenna. The 
width of the patch affects the resonant resistance of the antenna, with a wider patch giving a lower 
resistance. The coupling level is primarily determined by the length of the coupling slot, as well 
as the back-radiation level. The slot should therefore be made no larger than is required for 
impedance matching. The width of the slot also affects the coupling level, but to a much less degree 
than the slot length. The ratio of slot length to width is typically 1/10. The tuning stub is used to 
tune the excess reactance of the slot coupled antenna. The stub is typically slightly less than one 
quarter wavelength. A geometry of a centered feedline printed antenna is shown in Fig 3.6. The 
dimensions for the substrate and ground plane are selected to be Lg = Wg = 46 mm. A 40 mil 
Rogers Duroid 6006 laminate is used for the design (εr = 6.15, tan δ = 0.0019).  
 














The antenna is designed for 2.45 GHz operation. Some of the important parameters in the 
design that influence the antenna performance are briefly reviewed here. The resonance frequency 
of the antenna is primarily controlled by the size of the patch. It can be seen from Fig. 3.7 that 
increasing the patch dimensions results in shifting of resonance at lower frequency.  
 
Figure 3.7 S11 plot for variations in patch width (W). 
 
At W= 23 mm frequency of 2.45GHz is obtained. A second parametric sweep is conducted 
on length and slot of the aperture. For an aperture length of 18 mm the impedance shows a poor 
mismatch whereas for an aperture length of 22 mm, the impedance improves but frequency shifts 





Figure 3.8 S11 plot for variations in aperture length (La). 
 
The aperture width strongly impacts the matching. An increase in the aperture width from 
0.5 mm to 1.5 mm showed a good improvement in the impedance, causing the curve to shift below 
-10 db. Therefore, optimum width of Wa was selected to be 1.5 mm as shown in Fig 3.9. 
 
 
Figure 3.9 S11 plot for variations in aperture width (Wa). 
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After analyzing all the different parameters, a bandwidth of 390 MHz was achieved for the 
single radiating patch with rectangular feed aperture antenna configuration. |S11| as a function of 
frequency along with the radiation patterns of the antenna at 2.45 GHz are given in Fig 3.10 and 
Fig 3.11, respectively. 
 
Figure 3.10 S11 plot for optimum result of antenna 
 
 
Figure 3.11 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-dashed)], (b) 3D pattern of the antenna.   
                             (a)                                                    (b) 
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3.2.2  Double Radiating Patches 
 
The conventional microstrip antennas suffer from narrow impedance bandwidths due to 
their single resonance radiation mechanism, and typically have an operating bandwidth of less than 
5%. Therefore, several methods have been presented to enhance the bandwidth of the microstrip 
patch antennas. A widely used method is adding parasitic patches or multilayer radiating patches 
antenna structure. In this section two layers of radiating patch antennas are used to obtain wide 
impedance bandwidth. Fig 3.12 shows the geometry for a two- layer radiating patch antenna. One 
layer of Rogers 6002 laminate with a dielectric constant of 2.94 and height of 0.72 mm is used for 
feed substrate. A first patch is placed above this layer on a with a thickness of 12.192 mm. The 
second layer is a Rogers 5880 laminate with a dielectric constant of 2.2 and height of 6.35 mm and 
is placed above the first radiating square patch. A second radiating patch is placed above this layer. 
The microstrip feedline is calculated for 50-ohm standard impedance matching and chosen to be 
Wf= 4 mm. 
 

















The patch dimensions for W1 is selected to be 23 mm to resonate at desired frequency 
corresponding to the single patch design. The slot parameters are also kept the same La=20mm 
and Wa=1.5mm. The three major parameters which impact the performance of antenna are second 
patch dimensions, stub length (lstub). 
Parametric studies are carried out to determine the dimensions for second patch antenna 
(W2) so it resonates at 2.45 GHz. As the length is increased from 5 mm to 15 mm there is shift in 
frequency towards 2.45 GHz and the matching also starts to improve. Hence as seen from Fig 3.13 
a length of W2=15 mm is chosen which yields an optimum result. It can be seen that two 
resonances are now obtained since a second patch is introduced and merging these two resonances 
results in a wider impedance bandwidth. 
 
Figure 3.13 S11 plot for variations in patch width (W2). 
 
A parametric sweep is conducted to see the impact of the height of the second layer. These 




Figure 3.14 S11 plot for variations in second layer height (h2). 
 
The tuning stub plays an important role in achieving wide impedance matching bandwidth. 
In Fig 3.15, the impact of the stub length on the antenna performance is shown when the variable 
lstub is varied from 3 mm to 7 mm. An optimum length of lstub = 5 mm yields the best matching 
at 2.45 GHz. 
 
Figure 3.15 S11 plot for variations in stub length (lstub). 
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After analyzing all the different parameters, a bandwidth of 500 MHz was achieved for the 
double radiating patches with a rectangular feed aperture antenna configuration. |S11| as a function 
of frequency along with the radiation patterns of the antenna at 2.45 GHz are given in Fig 3.16 and 
Fig 3.17 respectively. 
 
Figure 3.16 S11 plot for optimum result of antenna. 
 
 
Figure 3.17. (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-dashed)], (b) 3D pattern of the antenna.   
                         (a)                                                                (b) 
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3.2.3  Offset Double Radiating Patches 
 
A microstrip patch can be designed to achieve dual polarization if two orthogonal feed 
lines are provided to the antenna. One practical challenge here is that the orthogonal feeds cannot 
intersect. This becomes more complicated if high isolation between the ports are needed. In most 
cases, to enable dual-polarized operation it is necessary to offset the feed system by certain distance 
‘y’ as shown in Fig.3.18. In general, moving the patch relative to the slot in the H-plane direction 
(x in Fig. 3.18) has little effect, while moving the patch relative to the slot in the E-plane (resonant) 
direction (y in Fig. 3.18) will decrease the coupling level. The value for y was chosen to be 8 mm 
so the feedline and slot fits into one half of the plane and provides the real estate needed for another 
feedline and slot for dual operations. As expected though, offsetting the design degrades the 
impedance matching as seen in Fig 3.19. 
 



















Figure 3.19 S11 plot for offset Double radiating patches rectangular feed aperture coupled 




3.3 Stacked Microstrip Patch Antenna with A Dumbbell Shaped Aperture  
To overcome the problem of mismatch and provide the physical space for another arm for 
dual operation a dumbbell shape aperture slot is introduced. The dumbbell shape configuration 
allows for a shorter length of aperture in the design by introducing a low impedance at the ends of 
the aperture. This somewhat tapered impedance of the slot also helps in increasing the impedance 
bandwidth of the antenna. 
A linearly polarized single dumbbell-shaped slot aperture antenna is shown in Fig. 3.20. In 
this design, the field is coupled from the microstrip feed line to two square stacked patches through 
the dumbbell-shape aperture cut in the ground plane. The substrate parameters of the radiating 
patch and microstrip feed line have a significant effect on the input impedance of aperture coupled 
microstrip antenna. One layer of Rogers 6006 laminate with a dielectric constant of 6.15 and height 
of 1.016 mm is used for feed substrate. The second layer is a Rogers 4003 laminate with a dielectric 
constant of 3.44 and height of 9.144 mm and is placed above the feed layer where the first square 
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patch is placed. A second patch is placed above this layer on a foam substrate with a thickness of 
10 mm. Finally, a second layer of Rogers 4003 laminate with a thickness of 1.524 mm is placed 
on the top patch which acts as a radome.  
 
 
Figure 3.20 (a) Geometrical parameters of the aperture and feed line. (b) The offset configuration 




The major design parameters of the aperture are shown in Fig. 3.20. The coupling level is 
primarily determined by the length of the slot, as well as back radiation level. In this antenna 
dumbbell-shape slot is used for better coupling. Based on the parametric analysis for the dumbbell 
width (Wd), the optimum width was chosen to be 7 mm. The dimensions of square patches were 
chosen to be 25 mm for bottom patch and 17.5 mm for top patch. As discussed earlier, to enable 
dual-polarized operation it is necessary to offset the feed system in the H-plane as shown in Fig. 
3.20 (b). The offset has very little effect on the impedance matching as shown in Fig. 3.21. 
However, it results in a slight decrease of antenna gain and an increase in cross-polarization, thus 
it has to be kept to a minimum. For this design, the maximum offset required was 3 mm. This 










Figure 3.21 |S11| versus frequency for different offset distances. 
 
3.4 Dual-Polarized Microstrip Patch Antenna with A Dumbbell Shaped Aperture  
A dual-polarized microstrip patch antenna with two dumbbell shaped coupling apertures is 
depicted in Fig. 3.22. This flexibility enabled by the dumbbell-shaped slot makes it possible to 
position the two coupling slots within the boundaries of the patch antenna. The simulated results 
for return loss and gain of the dual polarized aperture antenna are presented in Fig.3.23. The gain 
is about 6 dBi across the matching bandwidth. The simulated return loss shows a bandwidth of 




Figure 3.22 The dual-polarized aperture coupled patch. 
 
Figure 3.23 |S11| and gain versus frequency for the dual-polarized aperture coupled patch 
antenna.    
 
The simulated E -plane and H-plane radiation patterns of the antenna at 2.45 GHz are 
presented in Fig. 3.24 (a), where the it can be seen that the antenna achieves a desirable directive 
radiation pattern. The cross-polarization level is also below 16 dB in the principal planes. We note 
that as discussed, offsetting the aperture feed has no significant impact on the radiation pattern of 
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Figure 3.24 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° co-pol (red-solid), ϕ = 
0° x-pol (red-dotted), ϕ = 90° co-pol (blue-dashed), ϕ = 90° x-pol (blue-dotted),]. (b) 3D pattern 
of the antenna.   
 
A new design for a dual polarized aperture coupled patch antenna is presented. The dual 
polarized antenna yields a bandwidth of 20.6% (from 2.085 GHz and 2.590GHz) and good 
radiation characteristics across the matching bandwidth. The enhanced bandwidth is achieved by 
using a stacked patch configuration and dumbbell shaped slots. The proposed antenna is designed 











WIDEBAND DUAL-POLARIZED 3D-PRINTED DIELECTRIC RESONATOR ANTENNAS 
4.1 Historical Background of Dielectric Resonator Antennas 
Dielectric resonators have been used as high Q. factor elements in microwave-circuit 
applications since the development of low-loss ceramics in the late 1960s. Dielectric resonators 
offer a more-compact alternative to waveguide-cavity resonators and are more amenable to 
printed-circuit integration. For these applications, cylindrically shaped (puck) dielectrics 
resonators are typically used, fabricated from materials with relatively high dielectric constants 
(εr≥35) for compactness. The dielectric resonators are also often enclosed in metal cavities to 
prevent radiation and to maintain a high Q factor, important for filter or oscillator designs. 
By removing the shielding and with the proper feeding to excite the appropriate mode, it 
was found that these same dielectric resonators could become efficient radiators. In addition, by 
reducing the dielectric constant, this radiation could be maintained over a relatively wide range of 
frequencies. A systematic study of dielectric resonators as radiating elements was first carried out 
in the 1980s by Long, McAllister, and Shen, who examined the characteristics of dielectric 
resonator antennas (DRAs) of hemi-spherical, cylindrical, and rectangular shapes [41] [42] [43]. 
Their research demonstrated that dielectric resonator antennas could be attractive alternatives to 
traditional low-gain antenna elements, such as microstrip patches, monopoles, and dipoles. A 
linear array of dielectric resonator antennas fed by a dielectric image guide [44] and a planar array 
of circular-polarized dielectric resonator antennas [45] were also demonstrated in this decade. 
In the late 1980s and early 1990s, the bulk of the research focused on analyzing the various 
modes of excitation of dielectric resonator antennas with simple shapes, examining a variety of 
feed mechanisms, and applying analytical and numerical techniques to determine the input 
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impedance, Q factor, and radiation patterns of dielectric resonator antennas. Much of this work 
was carried out by three research teams: one led by Kishk, Glisson, and Junker [46] [47] [48] [49] 
[50] [51] [52] [53] [54] [55] [56] [57] [58], one by Luk and Leung [59] [60] [61] [62] [63] [64] 
[65] [66] [67] [68] [69]. By the mid- to late 1990s, attention also started turning to linear and planar 
arrays of dielectric resonator antennas. Publications ranged from reporting on simple two-element 
arrays, up to complex planar phased arrays of over 300 elements with electronic phase-steering 
capabilities. 
4.2 Basics of Dielectric Resonator Antennas 
Dielectric resonator antennas (DRA) have numerous advantages, particularly for 
millimeter wave applications. Some properties of DRA like higher-radiation efficiency, bandwidth 
as well as polarization flexibility has made them far better than conventional microstrip patch 
antennas (MPA). DRAs are made up of low-loss, high relative dielectric constant materials of 
different shapes, and its resonant frequency is function of the size, shape and permittivity of that 
material. DRAs are of different types depending upon their shapes, such as rectangular, spherical, 
cylindrical, half-split cylindrical, disk, and hemispherical DRA as shown in Fig.4.1 [70]. DRAs 
have properties such as low phase noise, compact size, frequency stability as per temperature, ease 
of integration with several MIC circuits, easy method of construction with the ability to face 
against odd environment. The DRAs have several useful characteristics, like smaller size, ease of 
fabrication, high radiation efficiency, large bandwidth and less production cost. DRA is useful in 










The resonant frequency, 𝑓𝑟 of rectangular DRA is given by [71], 
𝑓𝑟 = 𝑐2𝜋√€𝑟 √𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 
(4.1) 
Where the symbols 𝑘𝑥, 𝑘𝑦 and 𝑘𝑧 represents the wave numbers in x,y and z directions 
respectively and €𝑟 is permittivity of dielectric material and c is the speed of EM wave in free 
space. 
The fundamental modes of the DRAs radiate like magnetic or electric dipoles. This is 
because the field distributions in the cavity for the low order modes support these terms. For 
radiation study, a natural approach to study is to expand the radiated fields using the multipole 
expansion technique. In the multipole expansion technique, any arbitrary radiation pattern is 
decomposed into a sum of dipole, quadrupole and higher order multipole terms [73]. For low 
profile antennas operated at low order modes, the contribution from the higher order poles are 
usually weak. Generally, the smaller the radiating element is compared to the free space 
wavelength, the better this approximation., this method is applied to the study of radiation from a 
small aperture in a waveguide [74]. DRAs can also be used to produce circular polarization [75]. 
There are two HE11ẟ, modes which are orthogonal. Some people prefer to call one of it as odd and 
the other as even to distinguish between the two. To obtain CP from HE11ẟ, each of the degenerate 
mode must be excited at 900 phase difference. Fig.4.2 shows the radiation from a circular DRA 
with dimensions of a=0.57 inch and h=0.425 inch with an er = 45 for the elevation cut when excited 
in this fashion. Dmax refers to the maximum directivity, Davg refers to the average directivity 
averaged from -80 ° < θ < 800 for the major polarization direction (either Right Hand circular 
polarized (RHCP) or Left Hand Circular Polarized (LHCP) ) for all ɸ and Dmin refers to the 




Figure 4.2 Radiation Pattern as a function of elevation angle for a typical circular DRA 
with the two modes excited in quadrature phase [102]. 
 
 
As a low-profile antenna, the radiation from a DRA is sensitive to the ground plane. For 
finite ground plane sizes with large diameter, geometrical theory of diffraction (GTD) can be used 
[76], [77]. For consumer applications, a smaller antenna size is desirable and therefore the ground 
plane is usually designed to be as small as possible. A small sized ground plane of less than a 
quarter wavelength can be used with the DRA without significantly distorting the radiation pattern. 
4.3 Wideband DRAs 
The data rates in modern communication systems is increasing at an alarming rate. The 
projected increase in data rate is 8-fold from 2015 to 2020 and will keep increasing. For antennas, 
higher data rates, directly translates into antennas with wider bandwidth. In addition to bandwidth, 
many challenges exist here, such as size and footprint. We need wideband antennas that are 
compact and fit in consumer electronics. 
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An aperture coupled square dielectric resonator antenna (SDRA) is designed with a 
dielectric constant of 12. A schematic view of the antenna is depicted in Fig.4.3 (a) and the 
simulation model is shown in Fig. 4.3 (b). The SDRA is used as a primary radiating element with 
dimensions 32.8×32.8×10 mm3 (L×W×H). A 62 mil (1.575 mm) Rogers Duroid 5880 laminate 
(εr = 2.2, tan δ = 0.009) is used for the design. The substrate which also acts as the ground plane 
has a square geometry with length (Lg) and width (Wg) of 131.2 mm. A rectangular shaped 
aperture slot in ground plane excites the DRA. The slot has a length La = 16.5 mm and width Wa 
= 0.9 mm. The resonator is fed with a microstrip transmission line with Ws = 4mm, corresponding 
to a 50 Ohm characteristic impedance. An open circuit stub with length Lstub = 8 mm is added to 
the end of the microstrip line to optimize the matching of the antenna.  
 
                                 (a)   (b) 
















This antenna achieves a narrow impendence bandwidth of 100 MHz ranging from 2.40 
GHz to 2.50 GHz as seen in Fig 4.4. Two major design parameters of the antenna which strongly 
impacted the impedance matching were Lstub and H. We note here that the second resonance 
observed at 3.175 GHz is due to the aperture slot. 
 
Figure 4.4 |S11| for the square dielectric resonator antenna. 
 
To mitigate the narrow-bandwidth problem several designs with tailored geometries have 
been proposed over the years that can achieve wideband performance as shown in Fig.4.5. Despite 
their broadband performance, many of these geometries are difficult to fabricate. On practical 
approach is a layered DRA which takes advantages of multiple resonances to achieve wideband. 
 




A broadband DRA using narrow slot aperture coupling from a microstrip line is presented. 
A dielectric resonator tapered in a stair-like structure has been designed and optimised for 
wideband applications. The flipped step stair shaped dielectric resonator is located at the center of 
the rectangular slot and is excited by a 50 Ohm center feed microstrip line. Fig.4.6 shows the 
geometry of the proposed DRAs. The resonator is constructed on a two-step flipped stair geometry. 
The dielectric constant of the dielectric resonator is 12. The square shape DRA has a top layer 
length L3= 56 mm, middle layer length L2=32 mm and base length L1=24 mm.  
 
 
Figure 4.6 Proposed geometry for flipped step stair DRA 
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The thicknesses of each step, from top to bottom, are 7.2, 5.2 and 5.2 mm, respectively. 
Total height of the DRA (Htotal) is 17.6 mm. The small 24 mm base of the pyramid shaped dielectric 
resonator is placed at the center of a narrow rectangular shaped aperture in the ground plane side 
of the microstrip line. The slot has a length ls=19 mm and width ws=2.5 mm and is used to excite 
the DRA.The dielectric substrate (RT Duroid 5880) of the microstrip line has a dielectric constant 
of er=2.2 and thickness (h)=1.575 mm. A 50 Ohm center fed microstrip line with width wf=4.83 
mm is used to excite the dielectric resonator through the narrow rectangular slot. A tuning stub 












Figure 4.8 S11 plot for optimum result of antenna 
 
Fig 4.8 shows the measured and simulated return loss (S11) of the proposed DRA. The 
DRA is designed to operate in the WIFI-band. The frequency range of the measurement results are 
from 1.5 GHz to 3.5 GHz, equivalent to an impedance bandwidth of 1.39 GHz (S11 < -10 dB). 
The radiation pattern of the antenna at 2.45 GHz is given in Fig. 4.9. 
 
 
(a)                                                                (b) 
 
 
Figure 4.9 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-dashed)], (b) 3D pattern of the antenna. 
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To improve the antenna bandwidth, a trapezoid shape DRA geometry is implemented 
which is shown in Fig. 4.10. (a) and (b). Two squares with lengths la = 88 mm and lb = 25 mm 
form the trapezoidal DRA (TDRA) with dielectric constant of 12. The dimensions are selected 
such that the antenna resonates at 2.45GHz. The trapezoidal height H1 is parametrically analyzed 
and optimized at 13 mm to obtain desired results. A 62 mil (1.575 mm) Rogers Duroid 5880 
laminate (εr = 2.2, tan δ = 0.009) is used as a substrate material for the design and with dimensions 
of Lg = Wg = 176 mm. The slot has a length Ls = 19.3 mm and width Ws = 1.8 mm.  
 
 
                 (a) 
 
                                                                                       (b) 
 










This antenna achieves a wide impendence bandwidth of 1.09 GHz ranging from 1.96 GHz 
to 3.05 GHz as seen in Fig. 4.11. The radiation pattern of the antenna at 2.45 GHz is given in Fig. 
4.12.  
 
Figure 4.11 S11 plot for optimum result of antenna 
   
(a)                                                                 (b) 
 
Figure 4.12 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 








4.4 Wideband Cuboidal DRAs 
Advances in additive manufacturing have enabled the fabrication of complex shapes across 
many industries, but additive techniques that produce simple geometric shapes with complex 
distributions of materials properties have received much less attention, particularly in the area of 
antenna design [78]. Polymer filament-based 3D printing is one of the simplest and most flexible 
techniques for integrating passive components onto PCBs and other planar substrates because there 
is no need for photoresist submersion and/or exposure during fabrication and no post-printing 
thermal processing is required [79]-[80]. Tailored material properties are achieved by custom 
fabricating filaments loaded with powders to form composite structures with, for the purposes of 
this work, custom permittivity values. In order to achieve relative permittivity values as low as 
2.5, this work uses polystyrene filament; higher permittivity values are achieved by mixing in 
controlled amounts (up to 35% by volume) of high-permittivity dielectrics such as 
Zr0.8Sn0.2TiO4 or Ba0.5Sr0.5TiO3 to achieve composite relative permittivity values as high as 
40. Losses in such composites contain intrinsic contributions from both materials as well as from 
the interfaces between the polymer and the ceramic powder; in most cases, it is actually these 
interfaces that dominate losses and reduce Q values, and thus this is an area for future optimization. 
To illustrate the proposed approach, here we consider the flipped step stair shaped DRA 
structure reported in [81] which has been shown to have an ultra-wideband performance. The DRA 
has three layers each with a square cross section which are mounted on top of each other. By using 
additive manufacturing, we can convert this geometry to a solid cuboid with controlled spatially-
varying permittivity by tailoring the volume fraction of high-permittivity powder in the feedstock 
filament. An illustrative image is given in Fig. 4.13, where we note that for simplicity, only three 







Figure 4.13 Material layout of the DRA including the three layers and the dielectric 





To demonstrate the feasibility of the proposed technique, here we design a wideband DRA 
operating in the X-band using the material layout depicted in Fig. 4.13. The DRA is mounted on a 
62 mil (1.575 mm) Rogers Duroid 4003C laminate (εr = 3.38) substrate. A 50 Ohm microstrip feed 
line is used to excite the DRA using a narrow slot aperture which is aligned symmetrically with 
the resonator. The slot length and width are 5.6 mm and 0.5 mm, respectively. This feeding 






Figure 4.14 The DRA model (a) Geometry. (b) Ansys HFSS 3D-view  
 
 
 For the dielectric resonator, layers 1 and 2 have a thickness of 1.1 mm, while layer 3 is 1.6 
mm thick. Layer 3 consists only of a material with εr = 12. Layers 1 and 2 have three different 
materials with dielectric constants of 2.5, 7, and 12. To achieve the desired performance, the spatial 
distribution of the materials (see Fig. 4.13 (b)) were tuned and optimized. The model of the antenna 
in Ansys HFSS [40] is given in Fig. 4.14(b).  
The input reflection coefficient of the DRA along with the antenna gain are shown in Fig. 
4.15. The impedance bandwidth (|S11| < -10dB) of the antenna is 60% and the antenna gain is 
above 6.5 dB across this band indicating a desirable wideband performance. The radiation patterns 






Fig 4.15 S11 plot for optimum result of antenna 
 
Figure 4.16 Radiation pattern of the DRA at 8 GHz [solid red], 10 GHz [dash blue], 
and 12 GHz [dash-dot black]: (a) φ = 0°, (b) φ = 90°. 
 
A cuboidal DRA with a trapezoidal base is proposed. The DRA has one layer with a 
cuboidal cross section which is mounted on the top. The DRA is excited using aperture coupled 
fed configuration as shown in Fig.4.17. The aperture behaves like a magnetic current running 
74 
 
parallel to the length of the slot, which excites the magnetic fields in the DRA.The most common 
modes are the TM01d or the HEM11d modes. The aperture coupled feed excites the HEM11d 
modes. Tabe 4.1 shows the different parameters with their dimensions for the wideband cuboidal 
DRA trapezoid base 
 




Figure 4.17 The geometry of the proposed cuboidal DRA trapezoid base: (a) side-view, (b) top-






Table 4.1: Table showing dimensions for parameters of the wideband cuboidal DRA 
trapezoid base. 
 Parameters Dimensions 
  (mm) 
1 H 1.575 
   
2 H1 11.89 
   
3 la=wa 23.4 
   
   




5 Ls 19 
   
6 Ws 2.058 
   
7 Lstub 12.43 
   
 
By using additive manufacturing, we can convert this geometry to a solid cuboid with 
controlled spatially-varying permittivity by tailoring the volume fraction of high-permittivity 
powder in the feedstock filament. For the dielectric resonator, the layer consists of a material with 









Figure 4.18 Material layout of the DRA including the layer and the dielectric 
properties of layer. (a) side view. (b) top view of layer. 
 
 
This antenna achieves a wide impendence bandwidth of 71% ranging from 1.955 GHz to 
3.055 GHz as shown in Fig.4.19. 
 
 
Figure 4.19 S11 plot for optimum result of antenna 
77 
 
The modes of operation are HEM11d at 2 GHz to about 2.8 GHz. At the upper end of the 
band, the mode is HEM12d. Similar patterns are observed at the lower edge of the band, however 
the change in DRA mode of operation is observed in the pattern at the upper end of the band as 





Figure 4.20 Different modes of DRA across the entire frequency band 
 
Figure 4.21 2D patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° (blue-
solid)] 
@ 2.0 GHz @ 2.45 GHz @ 3.0 GHz 
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In order to provide the physical space needed for a dual-polarized configuration on the 
same aperture plane we offset the feed and aperture. Using a cuboidal trapezoid geometry allows 
to increase the offset distance further thereby improving the isolation between the two feed arms 
for dual case. An offset distance of y = 16 mm was selected to accommodate one of the orthogonal 
arm in one half of the plane as seen in Fig 4.22. This antenna achieves a wide impendence 
bandwidth of 1.220 GHz ranging from 1.796 GHz to 3.015GHz as shown in Fig.4.23. The radiation 
pattern of the antenna at 2.45 GHz is shown in Fig.4.24. 
  
Figure 4.22 The offset aperture configuration 
 






Figure 4.24 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-solid)], (b) 3D pattern of the antenna. 
 
 
4.5 The Dual-Polarized Cuboidal Trapezoid Base DRA 
A dual-polarized DRA with cuboidal trapezoid base is proposed in Fig.4.25. A 62 mil 
(1.575 mm) Rogers Duroid 5880 laminate (εr = 2.2, tan δ = 0.009) is used for the design. The 
substrate which also acts as the ground plane and the antenna has a dielectric constant of 2.5 and 
12. Two rectangular slots corresponding to two dominant modes of the patch antenna are placed 
beneath the patch configuration at an offset distance of 16 mm from the patch center. As the 
aperture gets closer to the center of the patch, better coupling to the patch and hence wider BW is 
achieved [28]. However, two slots close to each other are prone to high slot-to-slot coupling (Css). 
 
  
Figure 4.25 The dual-polarized aperture coupled patch. 
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The simulated results for return loss of the dual polarized aperture antenna is presented in 
Fig. 4.26. The simulated return loss shows a wide impendence bandwidth of 1.085 GHz ranging 
from 1.920 GHz to 3.005GHz. 
 
Figure 4.26 S11 plot for optimum result of antenna 
 
Figure 4.27 S21 plot for the dual configuration 
 
Despite some coupling between the ports, isolation is better than 20 dB at the design 
frequency of 2.45 GHz as shown in S21 plot from Fig.4.27.The simulated E -plane and H-plane 
radiation patterns of the antenna at 2.45 GHz are presented in Fig.4.28 (a), where it can be seen 
that the antenna achieves a desirable directive radiation pattern.  
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 We note that as discussed, offsetting the aperture feed has no significant impact on the radiation 
pattern of the antenna. The 3D radiation pattern of the antenna at 2.45 GHz is also shown below 





Figure 4.28 (a) 2D gain patterns of the antenna in principal planes [ϕ = 0° (red-solid), ϕ = 90° 
(blue-solid)], (b) 3D pattern of the antenna. 
 
 
4.6 Multi-mode Operation for Cuboidal DRAs  
The studies in sections 4.4 showed that by tailoring the dielectric medium in a cuboidal 
configuration, wideband operation can be achieved. In this section we aim to create a systematic 
and repeatable process for synthesizing wideband DRAs with a cuboidal form factor.  
DRAs have an infinite number of resonant modes [104], each corresponding to a particular 
resonant frequency at which the stored electric energy is equal to the magnetic energy [88]. 
Operational modes of the DRA however depend on the method of excitation. Multiple types of 
excitation techniques have been developed for DRAs over the years including coaxial probe, direct 
microstrip feedline, coplanar feed, waveguide coupled aperture, aperture coupling with a coaxial, 




Figure 4.29 |S11| as a function of frequency for the DRA along with the 3D model of the antenna 
in Ansys HFSS.   
 
 
Without the loss of generality, here we study the resonance modes of a cuboidal DRA 
excited with the aperture coupled microstrip feed. The DRA is designed for the 5G mid-band at 
the center frequency of 3.5 GHz. The dielectric constant of the DRA is 10 and its dimensions are 
26.8×26.8×7.78 mm3. The DRA is excited with a microstrip feed line that is coupled to the DRA 
through a rectangular aperture with the dimension of 13.56×2.57 mm2. The aperture behaves like 
a magnetic current running parallel to the length of the slot, which excites the magnetic fields in 
DRA. The substrate is a 1.575 mm Rogers Duroid 5880 with a dielectric constant of 2.2 and a 
dielectric constant of 0.0009. The microstrip feed line width is 4.84 mm corresponding to an 
impedance of 50 Ohm. The microstrip is excited by and end-launch SMA connector and terminated 
on the other end with an open circuit stub. The length of the open circuit stub is 18.16 mm. The 
ground plane is 3 times the size of the DRA width, i.e. 80.4×80.4 mm2. 
The input reflection coefficient magnitude along with the 3D model of the DRA in Ansys 
HFSS is shown in Fig.4.29. It can be seen that the antenna is well matched at the design frequency 







frequencies, corresponding to the higher order modes of the DRA. The field distribution inside the 
DRA at the first resonance is also depicted in Fig.4.30, where we note that the desired HEM11δ 
mode is properly excited at 3.5 GHz. 
 
Figure 4.30 (a) Vector electric fields inside the DRA at the first resonance (3.5 GHz), (b) Ideal 
HEM11δ mode in a DRA. 
 
4.7 A Wideband Multi-Ring Heterogenous DRA  
DRAs offer several advantages such as high radiation efficiency and small size, however 
the classic designs suffer from narrow bandwidth [89-90]. Irregular geometries have been shown 
to achieve wide bandwidths, however in many cases the complicated physical geometry of the 
antenna makes it difficult to integrate with the frontend of microwave systems, and in general, 
simple geometries such as cuboidal or cylindrical are preferable. 
An alternative approach to realize wide bandwidth is to merge the resonances in the DRA 
and create a multi-mode operation. This can be achieved by using heterogenous dielectric profiles 
(tapered permittivity). The tapered permittivity would result in a smooth impedance variation in 
these resonators, which in turn would increase the bandwidth of the antenna [104-106]. In other 
words, an impedance transformer in the form of multiple rings with different permittivity can be 






Here we use the same cuboidal DRA configuration studied in section 4.6 and design a ring-
loaded DRA with three rings each with a different permittivity to create a wideband response. A 
side-by-side comparison of the geometry of the basic DRA and the ring-loaded DRA are given in 
Fig.4.31. 
 
Figure 4.31 The basic cuboidal DRA (left) and the ring-loaded configuration (right). 
 
Extensive numerical studies were conducted to determine the optimal dimensions of the 
ring-loaded configuration, while taking into account practical considerations in manufacturing. 
The base DRA has a dielectric constant of 10 and its dimensions are 40×40×8.2 mm3, and the 
ground plane is 104×104 mm2. To provide wideband impedance matching, the aperture and stub 
length dimensions were also optimized and determined to be 12.4×10 mm2, and 6 mm, 
respectively. After some numerical studies, the ring widths were set to 2 mm for all three rings, 
and the dielectric constants were determined as 7.09, 5.48, and 4.88, from inner to outer. We note 
that this radial decrease in dielectric constant corresponds to an increase in the intrinsic impedance 
of the dielectric medium in that direction, and consequently a tapered impedance matching to free 
space. The input reflection coefficient magnitude of the basic DRA and the ring-loaded 
configuration are given in Fig.4.32. It can be seen that ring-loading has merged the first four 
resonances of the DRA and the antenna is matched from 2.66 to 4.67 GHz, i.e. more than 2 GHz 




Figure 4.32 |S11| as a function of frequency for the DRA and the ring-loaded DRA. Ring-loading 
has merged the first four resonances of the DRA and created a wideband response. 
 
 
Practical implementation of the proposed design requires one to consider approaches to 
fabricating the heterogenous solids. Currently two approaches are available for printing the 
dielectric materials, namely multi-material, and meta-material or effective medium approaches. 
While each approach has its own advantages, the latter approach is more commonly used, since 
the technology is more mature, and it only required a single material/filament with a high dielectric 
constant. 
 
Figure 4.33 The effective-medium model for the ring-loaded DRA. The fill factor of the unit-cell 









This approach relies on effective medium theory in metamaterials to create a heterogenous 
medium with a desired electric property18,19. Based on the filling ratio theory, its effective dielectric 
constant can be controlled by simply changing the unit-cell fill factor. The effective medium model 
of the DRA along with the unit-cell configuration is given in Fig.4.33. The unit-cell width (wuc) 
is 2 mm and the material dielectric constant is 10. Perforation widths (wpuc) are determined for 
each ring to achieve the desired dielectric constant. The input reflection coefficient magnitude of 
the effective medium model is compared with the multi-material approach in Fig.4.34, where it 
can be seen that a similar response is achieved with this technique. From inner to outer rings, the 
perforation widths are 0.8, 1, and 1.4 mm. 
 
Figure 4.34 |S11| as a function of frequency for the heterogenous ring-loaded DRAs realized by 
effective-medium and multi-material approaches. 
 
It is important to note that that from a computational perspective, the simulation time for 
the effective-medium model is significantly higher than the previous approach. This is due to the 
fact that the small features of the unit-cell model requires a much finer mesh. As such in our study 
all parametric studies to determine optimum dimensions of the DRA were conducted using the 
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multi-material approach, and only the fill-factors needed to achieve the desired dielectric constants 
of the rings were computed using the effective-medium model.  
4.8 A Wideband Multi-Layer and Multi-Ring Heterogenous DRA  
The study on the ring-loaded DRA showed that by using different dielectric constants for each 
ring, we can merge the higher order resonances of the DRA and create a wideband response. 
However, it is important to note that depending on the application and from an antenna perspective, 
not all modes will provide desirable radiation characteristics. In order to excite the desired modes 
additional degrees of freedom would be required. One approach to that is to use multiple layers in 
addition to multiple rings to create tapers in both axial and radial directions. This approach is 
inspired by the works in [102-107]. Here we present a multi-layer multi-ring DRA configuration, 
schematically depicted in Fig.4.35 
 
 
Figure 4.35 The multi-ring multi-layer DRA antenna. The antenna has three layers, and layers 1 
and 2 each have three surrounding rings with heterogenous dielectrics realized using the 
effective-medium approach.  
 
The DRA consists of 3 layers and as before uses a material with a dielectric constant of 10. 
The top layer is a solid 3 mm thick slab with no perforations and a side length of 52 mm. Layers 
1 and 2 each have three rings and a slab thickness of 3.5 mm. The base cuboid in layer 1 has a side 
length of 20 mm and ring widths of 2, 2, and 12 mm, from inner to outer. Layer 2 has a base cuboid 
Layer 1




with a side length of 28 mm and ring widths of 2, 2, and 8 mm, from inner to outer. For both layers 
1 and 2 the perforations widths are 0.6, 1, and 1.8 mm from inner to outer rings. 
 
Figure 4.36 |S11| as a function of frequency for the heterogenous multi-layer ring-loaded DRA. 
 
The input reflection coefficient magnitude of this DRA is given in Fig.4.36, where it can 
be seen that the antenna is matched over a 60% bandwidth (2.48 to 4.6 GHz). The antenna operates 
at the HEM11δ mode at the lower end of the band and transitions to HEM12δ mode at the upper 
end. These modes provide a boresight beam across the entire band which is desirable for high-gain 
applications.  
 
Figure 4.37 Vector electric fields inside the DRA at the first (2.6 GHz) and third (4.34 GHz) 










The field distribution inside the DRA at the first and third resonances are also depicted in 
Fig.4.37, where we note that the HEM11δ and HEM12δ modes are excited at 2.6 and 4.34 GHz, 
respectively. The field distributions here should be compared with the ideal modes depicted in 
Fig.4.36. The radiation pattern of the antenna is also given in Fig.4.38 for all three resonances 
across the band, where we note that high-gain boresight radiation is obtained. It is important to 
point out that in the HEM12δ mode a more directive beam is obtained, and the pattern shows minor 
lobes created at around 60 degrees. Nonetheless, all modes of operation create a boresight beam 
with high directivity. 
 
 


















CONCLUSIONS AND FUTURE WORK 
5.1 Conclusion 
 
 It’s not an overstatement to say that wireless technology has changed the world. Over the 
past decade, the way in which we access data has completely changed. It is hard to find a location 
without wireless access in some form. From leisurely activities to serious, life-changing ones, 
wireless systems have now become an integral part of modern life. On the other hand, the rapid 
growth of our wireless communication infrastructure has created numerous demands on the 
performance of the network and many new challenges in design of the hardware components and 
devices. There is no question that both data rates and the number of operating devices will continue 
to increase. As such, from a hardware perspective, antennas and RF frontends that can support 
high data-rates and close proximity operation are the primary challenges. This research takes on 
the challenge to address some of these major fronts in developing new antenna technologies for 
the next generation of wireless communication systems. Specifically, we address two challenges 
simultaneously, i.e. how to create antennas with wide operating bandwidth and with polarization 
diversity features. In addressing these challenges, we note that advances in manufacturing 
technologies is of paramount importance in developing new antenna technologies, therefore we 
exploit both classic fabrication techniques (i.e. printed circuit board technology) as well as the 
latest technological front in 3D printing, multi-material additive manufacturing. 
In this work three novel antenna structures were proposed and the electromagnetic characteristics 
of them were exploited to achieve a wide operating bandwidth as well as effective mechanisms to 
provide polarization diversity. The dipole configuration is a printed circuit element, it has the 
important advantages of being a low-cost and lightweight device. The broad bandwidth is achieved 
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by introducing a conical bowtie dipole geometry and optimization of the feeding network, which 
is implemented as a microstrip integrated balun. The single dipole antenna yields a bandwidth of 
33% (from 2.035 GHz to 2.855GHz). Later, a dual-polarized printed dipole antenna is introduced 
which achieves a broad bandwidth of 785 MHz with good radiation characteristics. A wideband 
dual polarized design of aperture-coupled patch antennas with a dumbbell shaped coupling slots 
is presented. For wide bandwidth and easy integration with active circuits, it uses aperture-coupled 
stacked square patches. A linearly polarized single slot antenna yields a bandwidth of 460 MHz A 
two slot dual polarized antenna is then introduced which increases the antenna bandwidth to 505 
MHz. The main challenge was to design a compact shape for wideband operations. Different 
equations were used to create a square DRA and necessary steps were taken to carefully offset the 
antenna to introduce another orthogonal arm to facilitate dual polarization mode. In the first step, 
a square DRA is studied and then modified to a trapezoidal shape resonator, which achieves a 
wideband impedance bandwidth of 1.955 MHz. For potential operation as a dualpolarized antenna, 
an offset-feed system is implemented in the next stage. Finally, the dual-polarized DRA with 
cuboidal trapezoid base antenna achieves a bandwidth of 1.085 GHz.  
 
5.2 Future Work 
 
The study conducted in this thesis lays the foundation for a new generation of polarization-
diversity antennas that can operate over a very wide band. In addition, practical limitations of two 
fabrication technologies were effectively utilized to maximize the performance of the designs. 
While it is expected that future advances in the manufacturing technologies will effectively lead 
to a better performance of the proposed devices, there are two other major areas other that merit 
further attention and can be a fruitful future research direction.   
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Reconfigurable and adaptive antennas lead to a future where antennas can self-correct errors, 
overcome failures, and self-reconfigure to adjust for the upcoming changes of the surrounding 
environment. The proposed devices have the ability to operate as frequency reconfigurable and 
polarization reconfigurable devices, where the former can effectively maximize signal-to-noise-
ratio of the system, and the latter can maximize gain by minimizing polarization mismatch of the 
incoming wireless signal. These reconfiguration mechanism require switches such as PIN and 
Varactor diodes, and integration mechanisms for effective operation. There are many challenges 
in this process, particularly to minimize losses and complexity of the network, thus opening a new 
area for research.   
The studies on the heterogenous dielectric resonator antenna showed that by synthesizing 
a local dielectric profile we can effectively merge the resonances of the device to create a wideband 
operation. Moreover, it was shown that a 2-dimensional taper provided further flexibility to allow 
for operation of the desired modes. While the study conducted focused dielectric resonator 
antennas, the concept is applicable to other cavity type of devices that inherently have multiple 
modes of operation. Examples are dielectric resonator filters and oscillators as well as microstrip 
devices. Creating new approaches to synthesis and excitation mechanisms for these types of 
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